We present 74 MHz radio continuum observations of the Galactic center region. These measurements show nonthermal radio emission arising from molecular clouds that is unaffected by free-free absorption along the line of sight. We focus on one cloud, G0.13-0.13, representative of the population of molecular clouds that are spatially correlated with steep spectrum (α 
density than in the Galactic disk in order to become gravitationally unstable and form stars.
This region of the Galaxy hosts two components in its central few hundred parsec. One is the reservoir of molecular gas showing enhanced molecular emission with higher velocity dispersion (∼ 20 − 30) km s −1 and gas temperature (50-200K) compared to elsewhere in the rest of the Galaxy 1−7 . The other is the prevalence of a mixture of thermal emission from ionized gas at a temperature of few thousand degrees and nonthermal radio synchrotrone emission from relativistic electrons (e.g.; Nord et al. 2004; Law et al. 2008) . The synchrotron emission is best viewed at low radio frequencies (< 1GHz) whereas thermal free-free emission is better detected at high frequencies (> 1GHz). Large-scale surveys of this region suggest that relativistic electrons and molecular gas co-exist and possibly interact with each other.
However, the apparent correlation could result from chance coincidence along the long line of sight towards the Galactic center. We present the first evidence for low frequency nonthermal emission closely tracing molecular gas, establishing that cosmic ray electrons are physically associated with individual molecular clouds. We study one molecular cloud G0.13-0.13 in detail and postpone the discussion of other Galactic center clouds to elsewhere.
The interaction between cosmic-ray particles and molecular gas has several far reaching consequences. For one, cosmic rays play an important role in star formation processes as they are the primary source of ionization in molecular clouds that are self-shielded from UV radiation field. The interaction of cosmic ray electrons heats the gas to a higher temperature, which increases the Jeans mass and causes the initial mass function (IMF) to become topheavy 8−10 . The higher ionization fraction due to the impact of these electrons reduces the damping of MHD waves and helps to maintains the high velocity dispersion of molecular gas in the nuclear disk. In addition, this interaction strengthens the coupling of gas to the magnetic field slowing star formation by increasing the time scale for ambipolar diffusion before the onset of gravitational collapse.
than ambipolar and turbulent heating 23 . Thus, it is natural to examine the chemistry of the gas in the cosmic-ray dominated region and attempt to identify molecular line diagnostics of cosmic ray heating.
To this end, we present high resolution 74 MHz observations of the Galactic center and show the spatial correlation between molecular gas and 100 MeV cosmic ray electrons.
Enhanced 74 MHz emission appears to coincide with a large concentration of molecular gas in the inner 5
• of the Galactic center 24 . Here, we focus on G0.13-0.13, a representative molecular cloud, and compare its 74 MHz emission with that of excited rotational transitions of SiO and CS molecules. This molecular cloud lies along the nonthermal filaments of the radio Arc near l∼ 0.2 • , the most prominent network of magnetized filaments in the Galactic center. Molecular line emission from CO, CS, SiO, H 13 CO + and CS suggests that this cloud has a high column density and gas temperature 25−27 . The kinematics of CS line emission from G0.13-0.13 suggests an expansion of molecular gas into the nonthermal filaments 25 . CO observations imply gas temperature T≥ 70K and column density N(H 2 )=6-7×10 23 cm −2 .
Multiple transitions of NH 3 line emission from this cloud have measured two temperature components giving a range T∼25K and T∼ 125 − 200K 28 . The low temperature component of molecular gas is similar to the measured 18-22 K dust temperature in clouds in the inner 2
• × 1 • of the Galaxy 29, 30 .
The structure of this paper is as follows. We first show 74 MHz emission from Galactic center molecular cloud G0.13-0.13 and estimate the variation of spectral index of nonthermal emission between 327 and 74 MHz. We then show the association of the nonthermal radio emission from G0.13-0.13 with FeI Kα line emission at 6.4 keV and estimate the cosmic ray ionization rate needed to produce the FeI Kα line emission. We will also present new molecular line observations of four rotational transitions of SiO to determine the temperature and density of molecular gas in G0.13-0.13 more accurately. We consider the interaction of relativistic electrons with the gas and compute the cosmic ray ionization rate, implied by the 74 MHz emission, as a function of assumed magnetic field strength. We present the dependence of the total cooling rate of the gas on gas temperature for high molecular gas densities. Lastly, we study the chemical consequences of the interaction of cosmic ray electrons with the molecular gas by modeling the abundance ratios of several molecular species as a function of time. A time-dependent gas-grain chemical model 31 is used to explore how abundance ratios of five representative molecular species vary with gas density and cosmic-ray ionization rate.
Our study of G0.13-0.13 is not only relevant to understanding the molecular component of the nuclear disk of our Galaxy 8 but also to external galaxies and ultraluminous infrared galaxies (ULIRGs) where cosmic rays are thought to be the driving mechanism for star formation 9 .
Observations and Data Reduction
We imaged the Galactic center at 74 MHz and mapped molecular line emission from several molecular clouds in the Galactic center using Mopra, CSO and CARMA. We only present observations of G0.13-0.13 here and will describe details of observations of other Galactic center clouds elsewhere.
VLA
The 74 MHz radio continuum observations of the Galactic center were described previously 24 .
Briefly, these measurements were taken in multiple configurations of the Very Large Ar--7 -ray (VLA) of the National Radio Astronomy Observatory 1 (NRAO), with a resolution of 114 × 60 (PA= −5
• ) and rms sensitivity of ∼ 0.12 Jy. These observations are unprecedented in spatial resolution and sensitivity at these low frequencies. Given the strong frequency dependence (ν −2.1 ) of free-free absorption, foreground and embedded thermal sources are seen in absorption against the strong nonthermal emission from the Galactic center. The suppression of thermal emission due to high opacity of ionized gas at 74 MHz allows us to readily identify nonthermal sources that emit at this frequency.
CSO
Observations of the SiO (5-4) and (6-5) rotational transitions at 217.1 and 260.5 GHz, respectively, were carried out in 2010 September using the wideband 230 GHz "Z-Rx" receiver of the Caltech Submillimeter Observatory (CSO) on Mauna Kea, Hawaii. The weather conditions were good, characterized by a 225 GHz zenith opacity of ∼ 0.05 − 0.07, equivalent to 1-1.5 mm of precipitable water vapor. Typical single sideband system temperatures at the relatively low elevation of the Galactic center were ∼250 K. The CSO FWHM beam size at the two frequencies is ∼ 34 and 28 , respectively, and the main beam efficiency, as determined from total power observations of Jupiter, was ∼ 70%. Spectra were taken in the "on-the-fly mapping" mode, on a ∼ 15 grid, using a designated off position at 
frequencies). The intensity is given in T *
A which can be divided by the main beam efficiency 0.49 to convert the intensity to T mb .
We also made deep pointed observations toward four positions (A-D) within G0.13-0.13 on 2010, June 30 (see Table 1 ). These spectra were obtained in an on-off position switching mode for a total on-source time of 288 s. The MOPS spectrometer was configured in wideband mode, identically to the setup of the map described above. Fig. 7 ).
2 The data was obtained using the Mopra radio telescope, a part of the Australia Telescope National Observatory 14 m telescope, as well as the previously published CS(2-1) maps made with Nobeyama 45-m radio telescope (NRO) 25 . A more detailed high resolution kinematic study of G0.13-0.13 including the results of HCO + observations will be given elsewhere. implying that cosmic-ray electrons are interacting with molecular gas in this unique region of the Galaxy.
Results
We now focus on the G0.13-0.13 cloud. Figure 2a shows contours of CS (1-0) molecular line emission from this cloud superimposed on a grayscale 5 GHz continuum image. A network of linearly polarized filaments of the radio Arc running almost perpendicular to the Galactic plane at a PA∼ −170
• lies at the eastern edge of the cloud 37 . The morphology of molecular line and radio continuum emission from G0.13-0.13 suggests that the molecular gas is surrounded by, and is interacting with, nonthermal radio filaments. The kinematics of the molecular gas suggests that expansion of the cloud is responsible for a dynamical interaction between the eastern limb of the G0.13-0.13 and the magnetized nonthermal filaments 25 . What is remarkable about images shown in Figure 3a ,b is the discovery that enhanced nonthermal emission at 74 MHz arises from the molecular cloud G0.13-0.13. The spectrum of emission from the center of the cloud must be steep given that there is no strong 327
MHz emission from G0.13-0.13. Figure to that of low frequency radio emission molecular line CS and SiO emission. The distribution of the Kα line emission is clumpy and shows a ridge of emission adjacent to a nonthermal feature at l=8 10 b=−6 55 . Remarkably, this X-ray ridge feature is similar to that of CS emission (cf. Meandering feature in Fig. 2b ). Both the X-ray and CS ridges curve around a nonthermal filament. The morphology of 6.4 keV line emission supports the idea that nonthermal radio filaments are interacting with the edge brightened FeI Kα emitting molecular cloud G0.13-0.13 at 6.4 keV. These images suggest a three-way correlation between cosmic ray electrons, molecular gas and FeI Kα line emission.
In order to estimate the gas density and temperature in G0.13-0.13, we measured the line intensities of four transitions of SiO (6-5), (5-4), (2-1) and (1-0). We used the SiO transitions. Figure 5a shows contours of velocity integrated SiO (5-4) line emission mapped over a limited area of G0.13-0.13 superimposed on a 5 GHz continuum image. We applied a Large Velocity Gradient (LVG) model to the two E and NW rectangular boxes, as shown schematically, in order to derive the physical parameters of molecular gas in G0.13-0.13. used the CO (2-1)/(1-0) intensity ratios and argued that G0.13-0.13 has a low density ∼ 10 2 cm −3 , high kinetic temperature ≥ 70K component. Overall, our model fits which uses multiple transitions of SiO are suited to measure gas density and temperature, though with systematic uncertainties from using different telescopes. The application of the LVG excitation code constrains the gas density of hydrogen nuclei n H ∼ (1 − 3) × 10 4 cm −3 and temperature T∼ (1 − 2) × 100K but we can not rule out gas temperature as much as 1000K
and lower densities n∼ 10 3 cm −3 .
Two studies have made discrepant estimates of the column density of the gas in G0.13-0. 
Discussion
Our interest in studying Galactic center molecular clouds stems from three earlier studies, all of which had suggested the interaction of cosmic ray electrons with molecular gas and is driving a shock into G0.13-0.13. The shock reaches the edge of the cloud and before it encounters much lower density of the gas exterior to G0.13-0.13, then sweeps through the low density gas and creates a edge-brightened bubble. In this picture, the expansion of G0.13-0.13 into the nonthermal vertical filaments accelerates particles along the filaments 25, 48 , thus generating a young population of electrons running along the magnetized filaments with an unusually flat energy spectrum (p∼0.6). The puzzle, however, is the origin of the steep energy spectrum of particles with p> 3 in G0.13-0.13. This is because energy losses are increasingly severe for lower energy electrons, tending to flatten their energy spectrum at low energies.
Cosmic Ray Ionization Rate
Using equation (3) s −1 , respectively. A cosmic ray ionization rate ≥ 10 −13 s −1 H −1 is sufficient to fully dissociate the gas on a time scale of ≤ 10 6 years. To avoid this, the magnetic field has to be larger than 1mG for α = 1.25.
The 6.4 keV Neutral Iron Line Emission
We apply the cosmic ray model to the G0.13-0.13 molecular cloud by estimating the Kα line emission from the interaction of the low energy nonthermal electrons responsible for synchrotron radio emission detected at 74 MHz. Using equation (6) of Yusef-Zadeh et al.
(2012), 
Cosmic Ray Heating of Molecular Gas
To estimate the temperature of molecular gas subject to high levels of cosmic-ray ionization, we extended our previous estimates of the cooling rate 42 The resulting total cooling rate per H 2 molecule is plotted in Figure 7b for representative H 2 densities of 10 3 , 10 4 and 10 5 cm −3 . The cooling rates on the left hand axis are mapped to the right-hand axis showing the cosmic ray ionization rate that would supply heat at the same rate, assuming that each ionization is associated with the deposition of 12.4 eV of heat 42, 52 . The dip in the cooling rate at T ≈ 250 K is due to the increasing importance of OI and H 2 O cooling at higher densities and the switch from OI to H 2 O at this temperature.
We conclude that an ionization rate of 10 −14 to 10 −13 s −1 would yield gas temperatures in the range 50-200 K, the upper range consistent with the temperatures estimated using LVG shown in Figure 5b ,c.
High Velocity Dispersion of Molecular Clouds
High cosmic-ray fluxes in molecular clouds affect star formation by heating the gas and increasing its ionization fraction. Higher cloud temperatures increase the Jeans mass, potentially changing the IMF, while high ionization increases magnetic coupling to the cloud material, reducing ambipolar diffusion and increasing the time taken for gravitationally unstable cores to contract to the point that they overwhelm their magnetic support. Another consequence of increased ionization is the therefore reduced damping of MHD waves, contributing to sustaining Alfvenic velocity fields within the clouds, which may assist in explaining the observed high velocity dispersion of molecular clouds in the nuclear disk (e.g. Oka et al. 1998; Martin et al. 2004 ). In a weakly ionized medium, waves with frequencies ω ∼ kv A below the collision frequency of neutral particles with ions, ν ni = n i < σv >, are damped on a time scale 2ν ni /ω 2 53,54 directly proportional to n i which is increased by a factor of ∼ 100 compared to the Galactic disk for ζ ∼ 10 −13 s −1 . The power input required to maintain wave motions on a given scale is reduced by the same factor. Table 1 , respectively. The spectra of these pointed observations show a rich chemistry similar to that seen throughout the CMZ. We focus only on five molecular lines HCN (1-0), HCO + (1-0), HNC(1-0), N 2 H + (1-0) and SiO (2-1), as Table 2 show the peak velocities and peak intensities in T *
A of all five spectral lines. Positions A and D fall in the E and NW boxes (see Fig. 5a ). As a demonstration, the spectrum of these five molecular species toward position A is shown in Figure 9 . The strong velocity component associated with G0.13-0.13 is centered around 60 km s −1 (see Table 2 ). We also notice an additional weak velocity component between -50 km s −1 and 0 km s −1 .
Using RADEX 5 (van der Tak et al. 2007) 55 , we derived the column density of each molecular species to match the observed intensity with the assumption that molecular gas temperature and gas density are T= 200 K and 10 4 cm −3 , respectively and the velocity dispersion is 30 km s −1 . Table 3 
Chemical Modelling
To examine the effect of high cosmic-ray ionization rates on chemistry, we make use of a time-dependent gas-grain chemical model, UCL CHEM 31 to qualitatively investigate the behavior of the observed species. The UCL CHEM is a gas-grain time-dependent model;
for the purpose of this paper it is used as a two-stage model: Phase I follows the free fall collapse of a diffuse (10 2 cm −3 ) gas to a denser state (where the final density is a free parameter), while Phase II follows the chemistry as the gas and dust warm up due to either the increase of temperature and/or an enhanced cosmic ray ionization rate (Phase II). Apart from the very initial diffuse state (where the temperature is about 100K), during the collapse in Phase I the (coupled) gas and dust temperature remains constant at 10 K and atoms and molecules collide with, and freeze on to, grain surfaces. The advantage of this approach is that the ice composition is not assumed but it is derived by a time-dependent computation of the chemical evolution of the gas-dust interaction process which, in turns, depends on the density of the gas. Hydrogenation occurs rapidly on these surfaces, so that, for example, some percentage of carbon atoms accreting will rapidly become frozen out methane, CH 4 .
The justification for a constant 10 K during most of Phase I is two-fold: first, in order for a diffuse gas to collapse under gravity and form a dense core, the temperature must remain low.
Second, it is believed that methanol must form on icy mantles (and this implies an efficient freeze out of CO which can only occur for dust temperatures less than 20K) since experiments show that it can not form in the gas phase 56 (e.g., Geppert et al. 2006 ). In Phase II (which effectively represents the observed phase) the gas and dust temperature are decoupled; the temperature of the gas is varied from 50 to 200 K, while the dust temperature was kept to 20-30K. We employ the reaction rate data from the UMIST astrochemical database, augmenting it with grain-surface (hydrogenation) reactions 31, 57 In both Phases nonthermal desorption is also considered 58 . Figure 10 shows the abundance ratios of selected species as a function of time for a subset of our model grid where the final density was varied from 10 4 cm −3 to 10 6 cm −3
and the cosmic ray ionization rate from 10 −15 s −1 to 10 −13 s −1 . The gas temperature in Phase II was assumed to be ∼ 200K. Note, however, that while molecular ratios are in principle powerful tools in constraining the physical and chemical characteristics of a cloud, the assumption that all the selected species arise from the same region may well be incorrect.
Nevertheless, we assume that the selected species are co-spatial and consider a comparison between the theoretical column density ratios with those derived from our observations (see Table 3 . In our models, we used an initial atomic abundance for Si depleted by a factor of 100 with respect to solar, as this represents the lower limit of measured initial abundances in a large sample of molecular clouds 62 . However, all initial abudances 63 are then scaled to match a metallicity twice the solar value. Note that the abundance of SiO derived by our models is consistent with the fact that with high cosmic ray ionization rates the icy mantles are released and therefore Si is released in the gas phase.
It is therefore puzzling to observe such a low fractional abundance in a gas where we expect cosmic ray ionization rates to be enhanced. There are three possibilities that could account for the low fractional abundance of [SiO/N 2 H + ] compared to that predicted by chemical model. One is that the medium is quite turbulent and hence chemical equilibrium is never reached and the gas is constantly being recycled; then the best solution must be found at earlier times (< 10 4 years). In this scenario all ratios can be qualitatively matched for the range of densities 10 4−5 cm −3 and the whole range of cosmic ray ionization rates investigated and no further constraints can be given by the models. The other is that the initial atomic abundance of Si is low. Although we already employ, in models shown in Figure 10 , an abundance of the initial Si 1.64×10 −7 that is up to a factor of 100 depleted with respect to solar 64 . It could be that in these environments even more than a factor of 100 is depleted.
Lastly, it is possible that our derivation of the column density from SiO (2-1) intensity is not accurate, e.g. optically thick. Thus, the intensity of high rotational transitions are needed to determine accurately the SiO column density. Additional detailed work is needed to sort out the discrepancy between the observed and modeled [SiO/N 2 H + ] abundance ratio. What is clear from our chemical modeling, as in shocks and and PDRs, a high SiO can also be generated by cosmic rays.
Summary
We showed that the molecular emission from a Galactic center cloud G0.13-0. Evidence for FeI Kα line and 74 MHz synchrotron emission from warm molecular gas supports the view that the Galactic center is a cosmic ray dominated region. We explored the chemistry in a region subject to high levels of cosmic ray ionization and showed that enhanced SiO emission, widespread throughout Galactic center molecular clouds, can be produced in the context of cosmic ray interaction with molecular gas. The model to explain enhanced SiO, as well as NH 3 and CH 3 OH, emission by cosmic ray driven chemistry is an alternative to the shock-driven chemistry throughout Galactic center molecular clouds.
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